Abstract China is a traditional agriculturally based country and one main region for crop production is southeastern China where temperature is a dominant climate variable affecting agriculture. Temperature and social disturbances both influence crop production, yet distinguishing their relative impacts is difficult due to a lack of reliable, high-resolution historical climatic records before the very recent period. Here we present the first tree-ring based warm-season temperature reconstruction for southeastern China, a core region of the East Asian monsoon, for the past 227 years.
Introduction
China has a long history as a traditional agriculturally based country and crop production has played a crucial role in socioeconomic development over the past centuries to millennia [1] [2] [3] . Crop production could be influenced by both climatic change and social disturbance [4] [5] [6] [7] [8] [9] [10] [11] . However, it is always challenging to distinguish their relative contribution, partly due to their interwoven effects on agriculture [12] .
China's major grain production area lies in the eastern monsoon climate zone where temperature is one of the key factors in determining agricultural production [13] , as cooling could decrease grain yields by shortening crop growing season and reducing the effective farmland area [14] . However, annually resolved, long-term warm-season temperature variability in southeastern China is poorly understood till now for three main reasons: (i) the very limited period of instrumental data, (ii) the scarcity of long-term high-resolution warm-season temperature reconstructions from natural proxies, and (iii) the scarcity of historical records that offer reliable temperature information. Even when available, the historical records tend to reflect cold-season instead of warm season temperatures [15] [16] [17] .
A potential solution to the lack of reliable long-term temperature records lies in the analysis of tree-ring records. Tree-ring based studies have revealed regional temperature variations in several parts of southeastern China. Winter-spring temperatures have been reconstructed in several areas of southeastern China from tree rings [18] [19] [20] [21] . The negative relationship between tree growth and the growing season temperature are mostly found at low elevation sites in southeastern China [22] [23] [24] .
The limiting effects of precipitation on tree growth are only found at a few very dry, low elevation sites in southeastern China [25] . At high elevation sites in southeastern China, the limiting effects of temperature on tree growth may extend even into the summer period [26, 27] . It thus seems likely that tree-ring series from humid high elevation sites in eastern China may provide a basis for warm-season temperature reconstruction, and a means to evaluate the influence of climate and social disturbance on crop production.
The mountains are mostly at low to medium elevations in southeastern China ( Fig.   1 ), which makes it hard to find clear upper tree line situation. However, trees might approach their upper limit tolerance at some relatively high elevation sites. Indeed, we found strong warm-season temperature signals in two tree-ring width chronologies 1500 m above sea level (a.s.l.), 250 km from each other, despite a relatively low sample replication [28] . Therefore, we consider taking tree-ring samples at sites higher than 1500 m a.s.l. will help develop a regional chronology that contains strong warm-season temperature signals.
In this study, we aim to understand how long-term warm-season temperature has changed in southeastern China and to what extent temperature and social disturbances have affected grain productivity in history. Our objectives are (1) to build a regional chronology based on tree-ring samples from high-elevation sites in southeastern China, (2) to reconstruct the warm-season temperatures using the regional chronology, (3) to explore its spatial representativeness by comparing with China-scale temperatures, and (4) to investigate the connections between temperature change and agricultural productivity in historical China so as to distinguish the relative influence of warm-season temperature and social disturbance.
Data and methods

Meteorological data
Southeastern China is an East Asian monsoon dominated region with a mild climate. Summer is hot and wet while winter is cool and dry. Generally, this type of Table S1 ). The coldest month is January with an average temperature Table S2 ). Thus they should have experienced higher precipitation and lower temperatures than that recorded at the meteorological stations.
Tree-ring data
Tree-ring samples of Pinus taiwanensis Hayata were taken from three sites: SQG0204 The mountains extend from east to west, with the highest peak at 1728 m a.s.l., the third highest in southern Anhui province.
After crossdating the tree cores following standard dendrochronological methods [29] and deleting the ones shorter than 100 years, 114 cores from 62 trees were used in the following analyses, including 66 cores of 35 trees from SQG0204, 28 cores of 16 trees from JLS01, and 20 cores of 11 trees from GNJ01. The data of JLS01 and GNJ01 were previously used to analyze the responses of tree growth to climate [28] .
Missing rings account for 0.79% of the total. The series intercorrelation is 0.53, and the average mean sensitivity is 0.30.
Methods
Age-dependent spline smoothing was used to detrend original tree-ring width series, and their ratio series were averaged using a robust Tukey biweight mean method.
Signal-free detrending methods were used to build the chronologies [30] . Correlation function analyses were performed to investigate tree growth responses to climate. The dominant limiting climatic factor (i.e., April-July mean temperature) was reconstructed by a simple linear regression function [31] . The reliability of the reconstruction function was tested using the calibration-verification method [32] . The spatial representativeness of the reconstruction was explored using the KNMI climate explorer (http://climexp.knmi.nl).
Results and discussion
Characteristics of the tree-ring chronologies
Three site chronologies were built in this study (Figs S2a-c 
Relationships between tree growth and climate
Pearson's correlation coefficients were calculated between tree growth and monthly total precipitation and monthly mean temperature for a two-year window for the period 1953-2013 (Fig. 2) . All the monthly temperatures had a positive correlation with tree growth, while most of the monthly precipitation had a weak negative correlation. There were no significant correlations with monthly precipitation, indicating that precipitation was not a limiting factor on tree growth at these high elevation sites in southeastern China. Temperature of previous April to previous July had the highest relation with tree growth. The correlation coefficient was as high as 0.78. Physiological preconditioning from the prior year is well known to affect radial growth in the following year [31, 33, 34] . The combination of high precipitation and low temperature may produce a strong temperature signal at high elevation sites in southeastern China. Therefore, April-July mean temperature was chosen as a target for reconstruction.
Reconstruction of the April-July mean temperature
According to the tree growth responses to climatic factors, the April-July mean temperature averaged from the Tunxi and Jingdezhen meteorological data was selected as the predictand for reconstruction. The regional tree-ring chronology was chosen as the predictor. The calibration-verification tests showed that all the correlation coefficients were significant at the 0.01 level, and that the reductions of error (REs) and the coefficients of efficiency (CEs) were all positive (Table 1) .
Positive RE and CE values indicated that the skill of the reconstruction function is satisfactory [35] . The reconstruction explained 60.6% of the observed temperature variance over the period 1953-2013, by far the highest for tree-rings in southeastern China (Fig. 3a) . Based on this function, the April-July mean temperature was reconstructed for the period of 1785 to 2013, with the reliable period covering 1811-2013 (Fig. 3b) . According to our reconstruction, the temperature has been increasing since the 1880s and reached the highest level of the past two centuries in the 2000s.
Spatial representativeness of the reconstructed April-July temperature series
The KNMI Climate Explorer was used to examine the spatial representativeness of the reconstructed April-July temperature. The reconstruction represents the April-July temperature variability over most of southeastern China and North China (Fig. 4) , the main crop production region in China [3] . The reconstructed April-July temperature was also compared with tree-ring-based June-August temperature for China [36] (Fig.   5 ). The correlation coefficient of our reconstruction with the June-August temperature was 0.21 over the period 1811-2009, significant at the 0.01 level. Visual comparisons also indicate that both records matched well in most periods. However, substantial discrepancies between them occurred in the periods of 1887-1909 and 1939-1955, during which the June-August temperatures were overall higher than our April-July reconstruction. It should be noticed that the tree-ring chronologies used for the June-August temperature reconstruction were mainly from western China, with only one from southeastern China [36] . We found that the only tree-ring chronology from southeastern China had a strong cold-season temperature signal, which might explain why the discrepancies occurred during the above two periods.
Linkage between the reconstructed temperature and historical grain production
Tree-ring based high-resolution climate reconstructions have been used to investigate the connection between social issues and climate [37] [38] [39] . In China, ten-year resolution data showed a positive connection between temperature and agricultural production, although sometimes cold-season temperatures were used for the comparison due to the absence of warm-season temperature reconstructions [5, 13] .
There are mainly two harvest seasons in eastern China, including the summer harvesting and the autumn harvesting. The summer-harvesting crops are generally planted in April and harvested in July [40] . Coincidently, our temperature reconstruction period is from April to July, allowing a direct comparison to assess its impacts on crop production. Eastern China is an East Asian monsoon dominated region with more precipitation in summer and less in winter, beneficial to crop growth.
Such a climate scenario places precipitation as secondary to temperature in modulating the success of crop production. We used the April-July temperature series at both spatial and temporal scales to explore the connection with China-scale crop production. The grain production index indicates the production per land unit over China in approximate terms. The database was from 66 stations of historical harvest records in China (Fig. 4) . The summer grain production index was developed by Gong et al. [40] , covering the period 1730-1978. It has a scale of 3 to 10, reflecting the grain yield relative to full harvest. As shown in Figure 6 to explain such a long-term deviation. Thus, social factors rather than climatic factors might be the root cause of the serious agricultural recession, namely the so-called "rural crisis" or "agricultural panic" in the late period of the Republic of China [42, 43] .
Conclusion
We developed a 228-year robust tree-ring width chronology from three sites in between April-July mean temperature and grain production
